Abstract The plate interface beneath the Mejillones Peninsula in Northern Chile is characterized by anomalous seismogenic behaviors, with seismic and aseismic slip, and low coupling values. We analyze this zone through the seismicity pattern and a 3-D tomography model. We identify high V P /V S values within the oceanic crust and in the lower continental crust, which we interpret as hydrated zones rich in fluids. These zones are correlated with the Mejillones fracture zone and with highly permeable lithologies of the lower continental crust, which allow a greater accumulation of fluids at the plate interface beneath the Mejillones Peninsula. Additionally, these areas exhibit a high rate of seismicity and concentrated swarms and repeaters. We propose that the presence of fluids controls the anomalous seismogenic behavior along the plate interface beneath the Mejillones Peninsula.
Introduction
The Chilean megathrust area, which accommodates many large-magnitude earthquakes (Mw > 8), exhibits a high seismicity rate. The subduction of the Nazca plate beneath the South American plate in northern Chile has produced several large-magnitude subduction earthquakes including the 1877 M W~8 .5 earthquake (Comte & Pardo, 1991; Ruiz & Madariaga, 2018) , the 1995 M W 8.1 Antofagasta earthquake (Delouis et al., 1997) , the 2007 M W 7.7 Tocopilla earthquake (Delouis et al., 2009; Peyrat et al., 2010) , and the 2014 M W 8.2 Iquique earthquake (González et al., 2015; Ruiz et al., 2014; Schurr et al., 2014) . The plate interface zone is geologically heterogeneous and the lateral extent of earthquake rupture usually stops at a seismic barrier where the slip deficit is reduced by many factors including the presence of fluids, which play a major role in the frictional behavior by controlling both the earthquake location and the seismicity rate (Audet & Schwartz, 2013; Schlaphorst et al., 2016) . This aspect is important in subduction zones where earthquake generation is largely controlled by fluids released from prograding metamorphic reactions in the incoming oceanic lithosphere (Nishikawa & Ide, 2015; Poli et al., 2017) . Lateral variations in the fluid concentration can be determined by using V P and V P /V S seismic tomography, which is fundamental to understanding seismic patterns, and seismic segmentation and determining the frictional behavior in subduction zones.
In this contribution we try to understand the role of fluids in a section of the Chilean subduction zone located beneath the Mejillones Peninsula (MP) in northern Chile. The MP is considered a geomorphic anomaly corresponding to an uplifted block of the coastal platform. The northern and central subduction zone of the MP is associated with the Mejillones fracture zone (MFZ), which corresponds to a slab age discontinuity observed as a northwest magnetic lineament in the Nazca plate (Figure 1 ; Maksymowicz, 2015) . The last two earthquakes that occurred in the area adjacent to the MP did not cross the interplate contact beneath the MP (Fuenzalida et al., 2013; Schurr et al., 2012) . Aseismic slip occurred after the 1995 Mw 8.1 Antofagasta earthquake, with a total slip of 1.2 m (Pritchard & Simons, 2006) . Furthermore, geodetic models show that the interplate locking in this section is reduced in comparison with adjacent subduction segments both to the north and to the south (Bejar-Pizarro et al., 2013; Metois et al., 2016) . These conclusions strongly suggest that this section of the Chilean subduction zone exhibits behavior representative of a seismic barrier. We hypothesize that this barrier behavior of the interplate contact beneath the MP is controlled by rich fluids at the plate interface. To solve this problem, we deployed a short-period network in the MP to characterize the intraslab and interplate seismicity. Furthermore, we built a detailed 3-D tomography model and characterized the focal mechanisms of 1,248 events to characterize the stress regime in the subducting slab and along the subduction fault zone. This is the first detailed attempt to characterize the role of fluids in the rheology of barriers within subduction zones and to distinguish geological controls on the fluid distribution. We believe that this type of study is fundamental for facilitating future prospective analyses of earthquake distributions and conducting hazard assessments.
Data and Methods
We deployed a dense temporary seismic network in the vicinity of the MP, consisting of 24 short-period three-component seismometers (1 Hz MARK L4-3-D with EDPR6-24 data logger), that provided continuous records with a sampling rate of 200 Hz. This temporary network was registered continuously from July 2013 to September 2015 (Salazar et al., 2013) . We also used the four broadband stations of the permanent Integrated Plate Boundary Observatory Chile (IPOC, 2006) network that were closest to the MP (Figure 1b) .
Seismic Catalog
This first stage consisted of the construction of the seismic catalog. We manually searched the continuous records for events beneath the MP, following which a total of 5,727 events were found. To obtain the locations of these events, we manually determined the arrival times of the P and S waves using the SEISAN program (Havskov & Ottemöller, 2000) . Using this program, we also calculated the local magnitude and polarity of each P wave to determine the associated focal mechanisms. Of the 5,727 identified events, it was possible to obtain the arrival times of 4,642 events. The remaining events were discarded due to high levels of noise in the waveforms. Then we determined the locations of the events with the arrival times, we used the NonLinLoc program (Lomax et al., 2000) using a 1-D velocity model (Husen et al., 1999) . Later, to improve the accuracy of the locations, we used the double-difference relocation program (HypoDD; Waldhauser & Ellsworth, 2000) using the same velocity model. The resulting catalog is composed of 2,217 events, whose magnitudes vary in the range of 0.5 < M L < 5.4, with a completeness magnitude (M C ) of approximately 1.8 and an estimated depth error of less than 1.3 km (supporting information Figures S1 to S3 ).
From this final catalog, we determined the focal mechanisms of those events where it was possible to interpret the polarities (i.e., dilation or compression) of the P waves and the SV/P, SH/P, and SH/SV amplitude ratios. The polarities were read on the vertical component of the seismograms from each station. The FOCMEC program (Snoke et al., 1984) was used to compute the focal mechanisms of events that had more than seven polarities. Ultimately, we were able to obtain a total of 1,248 focal mechanisms.
3-D Tomography Model
To construct the tomography model we used the INSIGHT code package (Potin, 2016) . The model consists of a set of V P , V S , and V P /V S values given for each node of a regularly spaced, three-dimensional grid constituting the inversion grid. The inversion was carried out using a nonlinear minimum approach based on a stochastic description of the data and the model. Using arrival times from our catalog augmented by data from the Centro Sismológico Nacional (CSN) for the period from 2000 to 2017, we built a local V P and V P /V S tomographic model for the MP bounded 
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approximately from 22.8°S to 24.2°S and from 69.2°W to 71.2°W. The model was derived from the arrival times of 80,078 P waves and 79,806 S waves corresponding to 31,598 events in an inversion grid constituted by 1,514,394 grid cells with longitudinal, latitudinal, and vertical resolution sizes of 2 km, 2 km, and 1 km, respectively.
Results

Interplate Seismicity
The interplate seismicity (gray dots in Figure 2a ) is concentrated toward the offshore region, and it decreases considerably onshore ( Figure 2a ). This absence of seismicity along the interface coincides with a shallower downdip region under the MP with an approximate depth of 32 km (Figure 2c ). The depth of updip seismicity varies between 22 and 25 km depth. Most of the focal mechanisms indicate reverse faults with low-angle nodal planes that coincide with the dip angle of the subduction (Figures 2b-2d ). This distinctive pattern in the seismicity, in conjunction with aseismic pulses (Pritchard & Simons, 2006) suggests that the interface under the MP presents a stable frictional behavior. The shallower downdip region under the MP could be interpreted as a shallower seismogenic zone (Schurr et al., 2012) . This pattern in the distribution of seismicity was also observed in the aftershocks of the Antofagasta and Tocopilla earthquakes around the MP (Nippress & Rietbrock, 2007; Schurr et al., 2012) and in the seismicity recorded by the IPOC network (Sippl et al., 2018) . Therefore, this seismic gap is a persistent feature lasting at least since the start of the seismic record.
Intraslab Seismicity
The intraslab seismicity (red dots in Figure 2a ) is concentrated toward the northern MP and it decreases toward the south. This spatial distribution could be related to the presence of the MFZ in the central and northern MP. However, part of the intraslab seismicity distribution follows north-south and northwestsoutheast orientations that are correlated with the structural trends of outer-rise bend faults at the latitude of the MP. (Ranero et al., 2005) . The north-south set in the outer-rise (red lines in Figure 1b ) forms prominent horst and graben structures that are oriented parallel to the trench and are related to the bending of the incoming plate, while the northwest set, which is generally less pervasive (yellow lines in Figure 1b ) constitutes faults formed in the center of expansion that are reactivated in the outer-rise. These faults reactive during subduction and probably generate intraslab seismicity, highlighting the long-term permanence of the outerrise faulting during the subduction process. The focal mechanisms indicate that these faults are reactivated as reverse faults (Figures 2b-2d ) whose nodal planes indicate vertical or subvertical ruptures.
Persistent Intraslab Seismicity
This seismicity corresponds to the Michilla cluster (Figures 2a and 2b) , which likely represents aftershocks in the rupture zone of the Michilla Mw 6.7 earthquake that occurred on 16 December 2007 (Fuenzalida et al., 2013; Ruiz & Madariaga, 2011; Figure 1b) . This cluster stretches from the top to the base of the oceanic crust. To confirm this, we utilized two events from the cluster that occurred at the top and the base of the crust and compared the P and S waves arrival times on the vertical components. The difference of 1 second between the P and S waves for both events ( Figure S4 ) is equivalent to a vertical difference of approximately 8 km, which suggests that the Michilla cluster affects the entire oceanic crust. Even eight years after the Michilla earthquake, the same rupture zone is still active with abundant seismicity.
Seismicity of the Continental Crust
Seismicity within the continental crust is scarce. We found clusters that corresponded to blasting activity associated with mining in the area (brown dots in Figure 2a ). To differentiate blasting events from tectonic events, we eliminated those events within the blast schedules of the mining companies (between 9 am and 9 pm local time). The result was a total of 87 tectonic events (yellow dots in Figure 2a) . Some of the focal mechanisms are normal, which is consistent with the geological extensional regime of the area (Allmendinger & González, 2009 ).
The most striking structure is the streak that extends from the 33 km depth from the interface to the upper crust, at the downdip limit of the seismicity (Figure 2b) . The focal mechanisms of these events are variable with normal, reverse and certain oblique components (Figure 2b ). An explanation for this streak of seismicity could be that fluids migrate from the subducted dehydrated oceanic crust to the continental crust through preexisting fracture zones, which generally have a higher permeability, thereby facilitating the channeling of fluids that trigger seismicity (Nakajima & Uchida, 2018; Nippress & Rietbrock, 2007) .
Swarms and Repeaters
We were able to recognize two swarms. The first (Sw1 in Figures 2a and 2b ) occurred inside the oceanic crust, with a total of 14 events, and it lasted approximately 1 month. The second (Sw2 in Figures 2a and 2c) occurred at the plate interface and lasted 12 days with a total of 42 events. Analyzing these swarms in more detail, we noticed the presence of repeaters among the events that compose the swarms. The repeaters were identified by the coherence of the vertical component throughout the record in the frequency band from 2 to 8 Hz (Obara, 2011) . A repeater was defined when the correlation coefficient in two or more stations exceeded 0.95 (Uchida & Matsuzawa, 2013) . We found a total of 2 repeaters for Sw1 and 32 for Sw2, each repeater was identified in more than three stations, with the exception of the Sw1 repeaters, which were identified with only two stations ( Figure S5 ).
3-D Tomography 3.5.1. Continental Crust
The P wave velocities fluctuated between 5 and 6.5 km/s in the shallow continental crust (<15 km) and did not present an along-strike variation. An area with low velocities (V P~4 to 4.5 km/s) is observed along profile 3b at depths between 0 and 4 km; this anomaly could correspond to the sediments of the Mejillones basin. This behavior changes in the lowermost upper crust (>15 km), where the V P varies along-strike. To the north and in the center of the MP, there is an increase in the V P with values from 7.0 to 7.2 km/s just above the top of the oceanic crust (Figures 3a and 3b) , while it decreases to <7.0 km/s to the south (Figure 3c ).
The V P /V S values vary along-strike in the shallow upper crust (<15 km) reaching values between 1.74 and 1.68. In contrast in the lowermost upper crust (~15-35 km), high V P /V S values fluctuating between 1.80 and 1.86 stand out toward the north and in the center of MP (Figures 3d and 3e) . Finally, to the south of the MP, the V P /V S values decrease sharply to 1.74 and 1.68 at the same depth (Figure 3f ).
Oceanic Crust
The P waves velocities in the oceanic crust vary along-strike. Toward the north and in the center of the MP, the P waves velocities increase to values ranging from 7.2 to 7.5 km/s (Figures 3a and 3b) , while to the south, they decrease to values ranging from 6.8 to 7.0 km/s (Figure 3c ).
The V P /V S values in the oceanic crust are high, reaching between 1.82 to 1.86 toward the north and in the center of the MP (Figures 3d and 3e ) and between 1.78 to 1.80 toward the south (Figure 3f ). These high values are concentrated further updip, while they decrease in the downdip direction (see Figures S6 to S8 for the resolution and quality of the results).
Interpretation and Discussion
Hydration in the Oceanic Crust
The V P and V P /V S values in the oceanic crust are higher than the expected values of basalt and gabbros (Christensen, 1996) . We associate these high values with hydrated zones due to fluids released by progressive metamorphic dehydration reactions within the subducted oceanic crust (Hacker et al., 2003; Kato et al., 2010; Peacock, 2001 ). These zones rich in fluids have a direct association with the distributions of the intraslab seismicity, swarms, and repeaters (Figures 3d, 3e, and 3f) . The fluids released into the oceanic crust weaken preexisting faults and trigger intraslab seismicity (Kirby et al., 1996; Rietbrock & Waldhauser, 2004) . While the swarms and repeaters are more likely to occur in subduction zones with abundant fluids, with marked heterogeneity on the plate interface and indicate the activation of hydrated fractures (Nishikawa & Ide, 2017; Poli et al., 2017) . The hydration in the oceanic crust varies along-strike, and it is more pronounced toward the north and in the center of the MP. Nishikawa and Ide (2015) postulated that greater bending in the subducting plate causes more faulting in the outer-rise zone, thereby increasing the hydration of the oceanic crust, which finally leads to additional dehydration and an increase in the pore-fluid pressure. Other studies concluded that latitudinal variations in hydration are caused by the subduction of hydrated fracture zones present within the oceanic crust (Moreno et al., 2014; Poli et al., 2017) . The fracture zones are recognized as important fluid sinks capable of producing a significant and localized lateral variation in the amount of fluids, that is, the fracture zones, with greater permeability, transport much more fluid to the subduction zone (Moreno et al., 2014) . The high intensity of hydration in the oceanic crust to the north of the MP correlates with the MFZ, which is being subducted under the MP (Figure 1) . We suggest that the greater degree of hydration in the oceanic crust to the north of the MP is due to the subduction of the MFZ, thereby causing the additional release of fluid in this area. This is also reflected in the observed seismicity; the most hydrated areas have a higher rate of seismicity during the interseismic period (Schlaphorst et al., 2016) . Figure 1b) . Gray, red, and yellow dots are the interplate, intraslab, and continental crust seismicity, respectively.
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Hydration in the Continental Crust
The V P and V P /V S values in the shallow parts of the continental crust (<15 km) are associated with metamorphic and intrusive rocks (Christensen, 1996) . Metamorphic rocks show V P /V S values between 1.74 and 1.76, while intrusive rocks have values ranging from 1.68 to 1.72. Upon observing the distribution of the V P /V S ratio (Figures 3d, 3e , and 3f) metamorphic rocks evidently predominate toward the north and in the center of the MP, while dioritic intrusive rocks predominate toward the south, which is consistent with the near surface geology ( Figure S9a ). This pattern changes in the lower part of the continental crust (~15-35 km), just above the top of the hydrated oceanic crust. The high V P /V S values between 1.80 and 1.86 toward the north and in the center of the MP (Figures 3d and 3e ) are higher than those of metamorphic rocks in the sector (Hacker et al., 2003) . The most suitable lithology that presents similar V P /V S values is serpentinite, specifically the species lizardite (Christensen, 1996 (Christensen, , 2004 ; however, at shallow depths (25-45 km) serpentinite does not appear in sufficiently high quantities to alter the V P /V S ratio in the observed way. These high V P /V S values in the lower upper crust can be interpreted as fluid-rich metamorphic rocks (Peacock et al., 2011) . This situation is not observed to the south of the MP (Figure 3f) , and the V P /V S values between 1.68 and 1.72 remain consistent with the dioritic intrusive rocks of that sector.
The existence of areas that are enriched with fluids inside the lower continental crust implies that fluids were able to migrate into the continental crust. If the geology of the continental crust is uniform in terms of its porosity and permeability, the distribution of fluids therein should also be uniform. However, in the MP the fluid distributions are not uniform, and neither is the geology. Zhang (2013) and Lamur et al. (2017) ). The distribution of areas with a high fluid content in the lowermost upper crust correlates with the change in lithology within the continental crust. The fractured and permeable rocks to the north and in the center of the MP allow the passage of fluids from the hydrated oceanic crust toward the upper crust producing high fluid content in the lower part of the continental crust. However, the unfractured and impermeable rocks to the south of the MP impede the passage of fluids toward the upper crust (Figure 4 ).
Hydration and Interseismic Coupling
The transfer of fluids from oceanic crust to continental crust observed to the north and in the center of the MP suggests a more hydrated plate interface, which is spatially correlated with the zones of low coupling and the MFZ under the MP (Metois et al., 2016; Figure S9b) . In contrast to the south of the MP, because there is no fluid transfer, we infer a less hydrated plate interface that correlates with zones of high coupling and the regular occurrence of megathrust earthquakes (e.g., the 1995 Mw 8.1 Antofagasta earthquake). Therefore, we suggest that the areas of low coupling under the MP are due to the presence of a hydrated MFZ and fluids along the plate interface, favoring creep or aseismic slip, which is similar to hypothesis of Moreno et al. (2014) for the southern Arauco Peninsula.
Conclusion
We studied the seismogenic behavior of the subduction zone under the MP, through an analysis of seismicity data and the construction of a 3-D tomographic model. In the northern and central MP, a more hydrated oceanic crust associated with the presence of the MFZ and permeable rocks in the continental crust, allows a higher fluid concentration at the plate interface. Consequently, this region presents a high rate of seismicity with low coupling, in addition to swarms, repeaters and it acts as a seismic barrier to the propagation of the rupture of megathrust earthquakes. In contrast, in the southern region of the MP, a less hydrated oceanic crust and impermeable rocks in the continental crust prevent fluid accumulation and favor a lower fluid content along the plate interface, causing a high degree of coupling and a low rate of seismicity, without swarms or the occurrence of regular megathrust earthquakes. We conclude that the seismogenic behavior of the subduction zone beneath the MP is controlled by differences in the fluid distribution, particularly highlighting the role of the lithology of the continental crust and its physical properties in the distribution of fluids along the plate interface. Our results are important for prospective future analyses of earthquake distributions and hazard assessments.
